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Abstract

This paper presents a parametric study of natural gas production from the decomposition of methane hydrate in a confined
reservoir by a depressurizing well. The one-dimensional linearized model suggested by Makogon is used in the analysis. For
different well pressures and reservoir temperatures, distributions of temperature and pressure in the porous layer of methane hydrate
and in the gas region are evaluated. The distance of the decomposition front from the well and the natural gas output as functions
of time are also computed. Time evolutions of the resulting temperature and pressure profiles in the hydrate reservoir under various
conditions are presented. Effects of variations in reservoir porosity and zone permeability are also studied. It is shown that the gas
production rate is a sensitive function of well pressure, reservoir temperature and zone permeability. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Natural gas hydrates are solid molecular compounds
of water with natural gas that are formed under certain
thermodynamic conditions. World reserves of natural gas
trapped in the hydrate state have been estimated to be
several times the known reserves of conventional natural
gas (Makogon, 1997). Therefore, developing methods for
commercial production of natural gas from hydrates is
attracting considerable attention.

All known methods of decomposition of hydrates are
based on shifting the thermodynamic equilibrium in a
three-phase system (water—hydrate—gas), which can be
achieved by

e increasing the system temperature above the tempera-
ture of hydrate formation at a specified pressure;

e decreasing the system pressure below the pressure of
hydrate formation at a specified temperature; or
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e injecting inhibitors such as methanol to shift the
pressure—temperature equilibrium.

The case that a well is drilled into a hydrate reservoir and
initiates a depressurization is considered in this study.

Extensive reviews of hydrate formation and decompo-
sition processes were reported by Makogon (1997) and
Sloan (1998). Thermodynamic modeling of the hydrate
decomposition process by depressurization has been stud-
ied by a number of authors. Assuming that the process
of hydrate decomposition by a pressure decrease is anal-
ogous to the process of solid melting, Makogon (1974,
1997) used the classical Stefan’s problem for melting to
describe the process of hydrate decomposition. The lin-
earized governing equations for the movement of natural
gas in a porous medium coupled with heat transfer were
solved, and self-similar solutions for the pressure distri-
butions were obtained. The release of water during the
hydrate decomposition, however, was neglected in this
model.

Verigin, Khabibullin, and Khalikov (1980) considered
the effect of water flow and developed a more accurate
model. In this model the gas and water mass balance at



the surface of decomposition were considered separately.
The water produced from the hydrate dissociation was
assumed to be stationary and not to affect the flow of
natural gas. The change of temperature of the hydrate
layer during the movement of natural gas, however, was
not considered in these earlier models.

Holder, Angert, and Godbole (1982) considered the
variation of temperature during the hydrate decomposi-
tion in their study. They used the conduction heat transfer
equation for evaluating the temperature distribution in a
hydrate layer. The continuity equation was used to de-
scribe the natural gas flow, in which the pressure gradi-
ent and the gas flow velocity were connected by Darcy’s
law. An empirical formula was used to calculate the dis-
sociation enthalpy for hydrates. The movement velocity
of the surface of decomposition, which reflected the rate
of hydrate dissociation at the surface, was determined by
the magnitude of the dissociation enthalpy and the tem-
perature gradient in the hydrate layer.

Burshears, O’Brien, and Malone (1986) extended the
model of Holder et al. (1982) and considered the influ-
ence of water transport in the layer, in addition to the
natural gas flow. They also included the effect of water
that is produced by the dissociated hydrate. However, the
connective heat transfer in the area where gas and water
coexist was not considered. Selim and Sloan (1989) con-
sidered the convective-conductive heat transfer in their
one-dimensional model. Under the assumption that the
water in the reservoir remained motionless and the well
temperature was kept constant, they obtained an analyt-
ical expression for the temperature distribution in the
reservoir.

Kamath (1983) used a modified Clausius—Clapeyron
equation to obtain the enthalpy of dissociation for hy-
drates of different gases. He studied the process of hy-
drate dissociation by heating. Hot water was used in the
experiment, and the results showed that the rate of heat
transfer and the rate of hydrate dissociation were power
law functions of the temperature difference. This research
also revealed additional details about the process of heat
transfer at the hydrate dissociation interface. Recent stud-
ies on geological aspects of hydrates were reported in
AGU (1999).

Makogon (1997) summarized the study of Bondarev
and Cherskiy, where the effects of heat transfer in the
porous medium were included. The energy equation was
used to describe the thermal condition of natural gas in
the porous layer. The conductive and convective heat
transfer, as well as the effects of the throttling process
were included. Makogon (1997) reported analytical ex-
pressions for the one-dimensional temperature and pres-
sure profiles that were obtained after linearization of the
governing equations.

Lysne (1994) studied the water and gas flows during
the dissociation of hydrate in a pipe. Tsypkin (2000) also
described the movement of water and gas in the reser-

voir using a multiphase one-dimensional model. He ob-
tained similarity solutions for temperature and pressure
distributions by a perturbation method. Masuda et al.
(1999) treated the process of hydrate dissociation as a
Kim, Bishnoi, Heidemann, and Rizvi (1987) kinetic pro-
cess. In this model the rate of dissociation is related to
the difference between the equilibrium pressure and gas
pressure. Their numerical results were in agreement with
their experimental data. Moridis, Apps, Pruess, and Myer
(1998) added a module for hydrate dissociation into the
TOUGH2 general-purpose reservoir simulator. The flow
of gas and water were considered and the conductive—
convective heat transfer equation was used.

Durgut and Parlaktuna (1996) simulated natural gas
production by hot water injection into the hydrate reser-
voir. Their developed two-dimensional model included
heat conduction and convection, and both water and gas
flows. More recently Swinkels and Drenth (1999) stud-
ied the behavior of a hydrate-capped gas reservoir using a
three-dimensional thermal reservoir simulator. They con-
cluded that the simulation could provide insight into the
process and for economical evaluation of production sce-
narios. They also noted that the gas production from the
hydrate cap might become thermally limited.

In the present work we are concerned with the follow-
ing questions:

e Can natural gas be produced by depressurization
through drilling a well into a hydrate reservoir?

e What are the parameters that control the natural gas
production rate? In particular, is the gas production
thermally controlled?

We used the combined models of Verigin et al. (1980)
and Bondarev and Cherskiy as reported by Makogon
(1997). In this model, the fluid energy equation is used
to describe the temperature and pressure distributions of
the natural gas in the porous layer. The conductive and
convective heat transfer, as well as the effects of the throt-
tling process were also included. Assuming the hydrate
layer also contained pressurized natural gas, Makogon
(1997) linearized the governing equations and obtained
a set of self-similar solutions for temperature and pres-
sure distributions in the reservoir. The results lead to a
system of coupled algebraic equations for the location of
the decomposition front, and the temperature and pres-
sure at the front. The numerical simulation of the results,
however, has not appeared in the literature (Makogon,
1998). In the present work, the corresponding system of
algebraic equations (with minor corrections) is solved by
an iterative scheme. For several well pressures and reser-
voir temperatures, numerical results for time evolution
of pressure and temperature profiles in the hydrate reser-
voir, as well the location of the front and the natural gas
production rate are obtained. The sensitivity of the nat-
ural gas production from hydrate by depressurization to



variations of reservoir parameters is studied. In particu-
lar, effects of reservoir porosity and permeability in both
the gas and the hydrate regions on gas production rate and
pressure and temperature distributions across the reser-
voir are studied. The results are presented in graphical
form and discussed.

2. Hydrate decomposition model

In this study the decomposition of methane hydrate in
a reservoir due to depressurization is considered. Chem-
ical reaction of methane with water to from hydrate is
represented by

(CH4 )gas + 6(H20)water « (CH4 L4 6H20)solid-

When the pressure decreases or the temperature rises, the
reaction reverses and the hydrate decomposes into CHy
and water.

Suppose there is a large pressurized methane hy-
drate reservoir underground. It is assumed that solid
hydrate and natural gas exist in the porous layer at
the reservoir pressure P, and reservoir temperature 7.
Hydrate is stable at this pressure and temperature at
the initial time. When a well is drilled into the reser-
voir, the pressure in the well drops to a certain value
Pg < Pp < P,, where Pp is the decomposition pres-
sure of the hydrate at the dissociation temperature, Tp.
At this moment the hydrate near the well becomes un-
stable and begins to decompose into natural gas and
water. The process of hydrate decomposition then ex-
pands outward with time. It is assumed that the hydrate
decomposition in a porous medium does not occur in
the entire volume, but in a certain narrow region which
can be treated as a surface, the so-called decomposition
front. This moving front separates the volume of the

reservoir into two zones with different phases. In the
near-well zone only natural gas and water exist, while in
the zone further away from the well only the solid hydrate
and natural gas exist. Pressures and temperatures in these
two zones gradually decrease, and the natural gas moves
towards the well because of the pressure gradient, while
the decomposition front moves in the opposite direction.

It should be emphasized that the model proposed by
Makogon (1997) and used in this study involves several
important assumptions. One is that the pressure and tem-
perature at any point on the decomposition front are the
equilibrium pressure, Pp, and temperature, Tp, for dis-
sociation of methane hydrate. Furthermore, the hydrate
reservoir is assumed to be porous and contain natural gas.
As the dissociation front moves outward, heat must be
supplied to the front because of the endothermic nature
of the hydrate decomposition process. Makogon (1997)
suggested that heat conduction is negligible when com-
pared with convection, and heat must be supplied from the
reservoir for dissociation to continue. The other assump-
tions are that during hydrate decomposition the front is a
source of mass that releases water and methane gas, the
movement of water in the porous medium is negligible,
and the permeability is constant.

3. Mathematical model

In this section, the mathematical formations suggested
by Makogon (1997) are summarized. Consider a hy-
drate reservoir with a well as shown in Fig. 1. For a
one-dimensional model the distribution of pressure in the
layer is described using an analog of the classical Ste-
fan’s problem for melting:
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Fig. 1. Schematics of the hydrate reservoir for the one-dimensional model.



where

O =(1-2)2, (2)

P, =(1-p)P, (3)

where p is viscosity of gas, k, is gas permeability in zone
1 or 2, P, is the pressure in zone 1 or 2, @ is porosity,
o is the water saturation, and f is the hydrate saturation.
In Eq. (1) and in the subsequent analysis, =1 corre-
sponds to the region 0 < x < I(t), and n =2 to the region
[(t) < x < oo, where [(¢) is the distance of dissociation
front from the origin (located at the well).
The boundary conditions are

P1(0,1)=Pg, Py(x,0)=Py(c0,t)=P,, 4)
Py(I(1),1) = Po(I(1),1) = Pp(Tp), (5)
Ty(x,0) = Tx(o0, 1) = To, (6)
Ti(l(2), 1) = Ta(1(2), 1), (7)

where P, is pressure in zone 1 or 2, T, is temperature in
zone 1 or 2, Pp is pressure at the decomposition front,
and Tp is temperature at the front. As noted before, it is
assumed that Pp and T are the equilibrium pressure and
temperature for dissociation of methane hydrate.

The relation between temperature 7p and pressure Pp
on the decomposition front in terms of the phase equilib-
rium between natural gas and hydrate is

log,, Pp=a(Tp — To) + b(Tp — Tp)* + ¢, (8)

where 7y is 273.15K and a, b, ¢ are empirical con-
stants that depend on the hydrate composition. Values of
a, b, and c are obtained from the equilibrium pressure—
temperature data of methane hydrate (Makogon, 1997).
Using the least square fit method we get:

a=00342/K,  b=0.0005/K%  c=6.4804,

where in Eq. (8) Pp is in Pa.

Fig. 2 compares the result of prediction of Eq. (8)
with the data obtained by Marshall, Saito, and Kobayashi
(1964). 1t is observed that the fit is in good agreement
with the data in the range of variables considered.

The mass balance for gas at the decomposition front,
I(t), as obtained by Verigin et al. (1980) is

pivr — pa02=—[feps — (1 —o)p1 + (1 - ﬁ)pz]QS%,
%)

where p; is the density of natural gas in zone 1, p, is the
density of natural gas in zone 2, and ps is the density of
hydrate, ¢ is the mass fraction of gas in methane hydrate.
Here v, and v, are the velocities of natural gas in zones
1 and 2, and ¢ is the mass fraction of gas in the hydrate.

e
©

e
(=]
L

iy
S
L

-
N
L

-
o
L

Pressure (MPa)

# Experimental Data,
Marshal et al.

262 267 272 277 282 287 292
Temperature (K)

Fig. 2. Equilibrium of pressure—temperature of methane hydrate, and
variations of P-T during the dissociation process for the well pressure
of 2 MPa and reservoir pressure of 15 MPa with different reservoir
temperatures.

The densities of the natural gas in zones 1 and 2 at the
decomposition front are the same. i.e.,

_ _ PpTy
Pl(lal)—Pz(lJ)—POTJOTD, (10)

where z is the gas compressibility, and py is the gas den-
sity at atmospheric pressure Py and temperature 7.
Substituting (10) into (9), it follows that:

_ _|.pp3PoIp_ d/

Ul(l9t) 02(l7t)_ bﬁpOPDTOZ (ﬁ OC) qjdt
(11)

The mass balance equation for water is given as
pwPo= (1 —¢)p; PP, (12)

where pjis the density of water.

The temperature field of the gas-saturated layer is
governed by the convective—conductive heat transfer
equation that includes a temperature change because of
throttling and adiabatic effects. i.e.,

0*T, 0T, ¢k, 0P, (6Tn GPH) _Dyey 0P,

o T ot ot Ox \ dx  ox

c, Ot’
(13)

where a, is the heat diffusivity, ¢, is the heat capacity,
¢, is the constant volume heat capacity of gas, o is the
throttling coefficient, and # is the adiabatic coefficient of
the gas. Note that the Joule-Thompson throttling process
is accounted for in Eq. (13).

4. Linearization and self-similar solution

Using the approximation

0P op, 0P oP;
—Llx2P;— —2 ~2P,—=, 14
ot o ot ot (14)



Eq. (1) may be linearized as

o P
e (1)
where

L kP kP

Al—¢(1_a)#, Az_ﬁ(l—ﬂ)u' (16)

Self-similar solutions of Eq. (15) with boundary condi-
tions (4)—(7) as obtained by Makogon (1997) are given
as

2 p2 op2 erf 1
PY=Pg — (Pt~ PR) ot (17)
fc A

P2=pP2— (P2 — Py 22 18
)= ( )erfw (18)
where
, x Y

pr— pr— 1
Jon N O 1, (19)
I(t)=/yt. (20)

Here, 7 is a constant (to be determined) and the error
function and complementary error function are defined as

erf(f):jﬁ/oge_”z dn,  erfe(é)=1 — erf(&).

(21)

Under the condition that the hydrate reservoir contains
natural gas, neglecting the conductive heat transfer in the
porous medium, which is much smaller than the convec-
tive heat transfer, Eq. (13) becomes:

0T,  coky OP, <aT,, 5apn> @, 0P,

¢, Ot

o et Ox \ Ox Ox =0.
(22)

Solutions to the linearized form of Eq. (22) satisfying
the boundary conditions (4)—(7) are given as (Makogon,
1997),

T1 = TD +A15 [erf/ll — erfocl

+ (381 - 1) (#10) = Pa(@))] (23)
T, =T, — A0 {erfciz + (ng — 1) '1’2(/12)} , (24)
where
V(&)= \f/ Wdﬂ,
wey=—= [ gy, (25)

N 5 N+ GCe

L Pp-P2 1 PP

1=

2Qerfay Pg " 2erfco, P,
(26)
Bl _ qslcv’ BZ 43260, (27)
C1 (6
ol _Ph-Poes 1k
Pg Cq Zﬁerf [04] ,M}{l’
2 p2
szpe PD Cy 1 k2 (28)

P, 2 merfcon uyn

The values of pressure Pp and temperature T at the de-
composition front, and the constant y, which determines
the motion of the decomposition front, are still unknown
and must be evaluated numerically for given set of con-
ditions. From the evaluation of Eq. (24) at the decompo-
sition front (i.e. 4, =ay), it followed that:

Tp=T, — 450 [erfc 2% + (ng - 1) %(az)} . (29)

The equilibrium pressure Pp and the equilibrium tem-
perature Tp are related through Eq. (8). Substitute
Egs. (17) and (18) into Eq. (11), we obtain the equation
for determining the constant y. i.e.,

2 2
P)_PL el PPl e

ki vy erf oy e VT2 erfcon =AY, (30)
where
PyT,
ﬂ‘” 0L (B~ o)Pp| Dy (31)

Egs. (8), (29) and (30) are three non-linear coupled
equations for determining 7, 7p and Pp. An iterative
scheme is used for evaluating the numerical values of
these parameters. It is important to note that in this model
the resulting dissociation pressure and temperature are
fixed and depend only on the well pressure, and the reser-
voir pressure and temperature. The production rate of
methane gas per unit length of the well is then given as

koPW0,0) kW PR-PL 11
uw ox  pu Pg erfa 2wt

Eq. (32) clearly shows that the well production rate de-
creases inversely with the square root of time, and in-
creases with reservoir permeability.

It should be noted here that the linearization model
suggested by Makogon (1997) and used in here neglects
the heat conduction in the entire reservoir. Thus, the en-
ergy balance at the dissociation front cannot be enforced.
While this is a limitation of the approach, many features
of the hydrate reservoir behavior can be examined using
the linearized solutions.

0= (32)



Table 1

Values of dissociating temperature and pressure and parameter y for given reservoir and well conditions

P, (MPa) T, (K) P (MPa) Tp (K) Pp (MPa) y (m?/s)
15 280 2 270.07 2.42 0.00012
15 285 2 275.44 3.69 0.00048
15 287 2 277.66 4.47 0.00125
15 287 3 277.69 4.49 0.00067
15 287 4 277.93 4.58 0.00015
15 287 4.53 278.04 4.64 0.000002
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Fig. 3. Time variations of pressure and temperature in the reservoir for a well pressure of 2 MPa and a reservoir temperature of 287 K.

5. Results

This section presents numerical results for the time
evolution of pressure and temperature profiles in a hy-
drate reservoir under various conditions. In addition, time
variations of methane gas production, and location of the
dissociation front are also evaluated. A set of paramet-
ric study is performed and the sensitivity of natural gas
production to various reservoir parameters is discussed.
Unless stated otherwise, the conditions listed in notation
and an initial reservoir pressure of 15 MPa are used in
the simulation.

5.1. Well pressure and reservoir temperature

For different values of well pressure and initial reser-
voir temperature, the solutions to Egs. (8), (29) and (30)
are obtained. The resulting values of dissociating temper-
ature and pressure at the front and the parameter y with
an error bound of 0.1% are listed in Table 1.

For given reservoir pressure and temperature and well
pressure, the present linearized one-dimensional model
leads to fixed values of dissociation-front pressure and
temperature. Table 1 also shows that when the well pres-
sure changes, the dissociation pressure and temperature
change only slightly. The value of parameter y, which
controls the movement of the front and the gas produc-
tion rate, decreases sharply with increase of well pressure.

The dissociation pressure and temperature are, however,
sensitive functions of reservoir temperature. A decrease
of 2 K in the reservoir temperature drops the dissociation
pressure by about 0.8 MPa, and reduces parameter y by
about 62%. An additional 5 K drop in the reservoir tem-
perature leads to a reduction of dissociation pressure by
about 1.2 MPa and reduces y by a factor of 6.5.

For a well pressure of 2 MPa, Fig. 3 shows varia-
tions of reservoir pressure and temperature at different
times. As noted before, the hydrate reservoir is divided
into two zones by the decomposition front, and the tem-
perature variations in the two zones are quite different.
Fig. 3a shows that the temperature decreases gradually
from the undisturbed reservoir value far from the front
to the decomposition temperature at the front. The tem-
perature gradient in the hydrate zone is largest near the
front. In the gas zone, the temperature varies sharply and
decreases to its minimum value at the well. The temper-
ature profiles in the hydrate and the gas zones are also
self-similar, and evolve with time as the decomposition
front moves outward.

The corresponding pressure profiles for different times
under the same conditions of Fig. 3a are presented in
Fig. 3b. The pressure decreases gradually from the reser-
voir pressure to the decomposition pressure at the front,
and then decreases toward the well to its minimum value
at the well. For the present assumed condition that the
zone permeabilities in the hydrate and the gas region are
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Fig. 5. Time variations of temperature and pressure in the reservoir for a well pressure of 4 MPa and a reservoir temperature of 287 K.

comparable, the change of slope of the pressure profile at
the front is hardly noticeable. For the case that the per-
meability in the gas zone is much larger than that in the
hydrate zone, Ahmadi, Ji, and Smith (2000) reported a
significant change of slope of the pressure profile at the
decomposition front. Fig. 3b also shows that the pressure
profiles for different times are self-similar in each zone,
and expand outward as the decomposition front moves
away from the well.

Fig. 4 shows time evolutions of gas mass flux (in
kg/m?s) and gas velocity (in m/s) across the reservoir
for a well pressure of 2 MPa. Fig. 4a shows that there is
a jump in the mass flux due to hydrate dissociation at the
front. The jump moves outward with time as the decom-
position front penetrates deeper into the hydrate reser-
voir. It is also noticed that for the one-dimension model,
the gas mass flux in the reservoir and the amount of nat-
ural gas generated due to hydrate dissociation decrease
with time. Fig. 4b shows the time variation of natural gas
velocity toward the well. It is seen that the gas velocity
varies significantly across the reservoir. Natural gas ve-
locity increases towards the well and a velocity jump at
the decomposition front.

Fig. 5 shows the pressure and temperature profiles
for a well pressure of 4 MPa. The reservoir pressure
and temperature are kept constant at 15 MPa and 287 K.
Except for the slower movement of the front, variations of
pressure and temperature profiles in this figure are quite
similar to those shown in Figs. 3. Fig. 5 shows that the
dissociation front is at about 30 m after 120 days. In com-
parison, for a well pressure of 2 MPa, the front would be
at 110 m under the same conditions. In the hydrate zone,
the pressure and temperature decrease from their reser-
voir values at large distances to the dissociation values
at the front. Other features of pressure and temperature
profiles in the hydrate zone are quite similar to those for
lower well pressures. Comparatively, large gradients oc-
cur near the front on the hydrate side. The pressure and
temperature in the gas region then decrease rather sharply
toward their minimum values at the well. For the well
pressure of 4 MPa, the dissociation pressure and temper-
ature at the front become close to the well pressure and
temperature.

Fig. 6 shows variations of non-dimensional tempera-
ture and pressure profiles versus the similarity variable
/1 as given by Eqgs. (17), (18), (23) and (24). Here the
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Fig. 7. Time variations of pressure and temperature in the reservoir for a well pressure of 2 MPa and a reservoir temperature of 285 K.

temperature and pressure are normalized with respect to
the undisturbed reservoir conditions. While the general
features of the similarity profiles are comparable, it is
seen that the well pressure noticeably affects the varia-
tion of temperature and pressure profiles. At a high well
pressure, the pressure and temperature profiles approach
their saturation values for smaller values of A;, and the
gas zone is comparatively small. For low well pressure,
the saturation values are approached at higher values of
/1and the gas zone is comparatively large.

For the case that the well pressure is 2 MPa, but the
reservoir temperature is 285 K (2 K lower that the case
shown in Fig. 3), the pressure and temperature profiles
are presented in Fig. 7. While these profiles are quite
similar to those shown in Figs. 3, the decomposition
pressure and temperature are noticeably smaller. The
movement of the front also markedly slows down for this
lower-temperature reservoir. This observation further
emphasizes the importance of heat transfer in hydrate
dissociation and production processes. In the present
one-dimensional model, the heat required for hydrate
dissociation must be supplied by the hydrate reservoir.

Therefore, the reservoir temperature becomes an im-
portant controlling parameter. (It should be emphasized
that, for natural hydrate reservoirs, heat could also be
transferred form the sides, which would significantly
affect the natural gas production process.)

Mass flux and velocity profiles for a reservoir temper-
ature of 285 K and a well pressure of 2 MPa are shown
in Fig. 8. The other reservoir conditions are kept un-
changed. Variations of the mass flux and velocity profiles
are similar to those shown in Fig. 4 for a higher reservoir
temperature. The main difference is that the mass flux
and velocity jumps in Fig. 8 occur at a shorter distance
from the well. The well output (gas velocity and mass
flux), however, reduces as the reservoir temperature re-
duces.

Fig. 9a shows the movement of the decomposition front
for different well pressures. Here the reservoir conditions
are kept fixed at 15 MPa and 287 K. As expected, the
distance of the front from the well increases proportional
to the square root of time. As the well pressure increases,
the motion of the front decreases, especially as the well
pressure approaches the decomposition pressure.
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Fig. 9. Time variations of distance of decomposition front and natural gas output for a reservoir temperature of 287 K and for different well

pressures.

Fig. 9b shows time variations of natural gas flow rate
per unit height (and per unit width) of the well for differ-
ent well pressures. As expected the flow rate decreases
with inverse square root of time. For fixed reservoir con-
ditions, the well output is a sensitive function of well
pressure, and the production rate decreases sharply as the
well pressure increases.

It is perhaps of interest to compare the simulated nat-
ural gas production rate with the recorded data from nat-
ural hydrate reservoirs. Makogon (1997) reported that in
Messoyakhi field the natural gas production rate ranged
from 5000 to 20,000 m®/day for a well pressure of
0.2 MPa before inhibitor injection. The thickness of
hydrate zone in this field was estimated to be 25 m.
While there have been questions about the contribution
of hydrate dissociation to the natural gas production in
Messoyakhi field, it is the only reported field data cur-
rently available. Fig. 9b shows that the predicted natural
gas production rate is of the order of 10~% m?/s per
1 m? of well, for a well pressure of 2 MPa. This is about
173 m3/day per 1 m? of well for an atmospheric well
pressure. Considering the differences in the reservoir
permeability and other parameters, the simulated gas

production rates in Fig. 9b appear to be in the range of
the observation for the Messoyakhi field.

For fixed reservoir and well pressures, time evolutions
of decomposition front and the well production rate for
different reservoir temperatures are shown in Fig. 10. It
is observed that the reservoir temperature significantly
affects the motion of the front and the well output. When
the reservoir temperature decreases by about 2—7 K, the
distance of the dissociation front from the well decreases
by about 30-80%, and the well output decreases by about
30-90%.

6. Sensitivity analysis

This section presents sensitivity analysis results for
time evolutions of pressure and temperature profiles in a
hydrate reservoir for a range of parameters. Time varia-
tions of methane gas production and location of the dis-
sociation front are also evaluated. As noted before, it is
assumed that the entire hydrate reservoir is porous and
contains pressurized natural gas, and the hydrate satura-
tion is less than 0.25.
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Table 2

Values of dissociating temperature and pressure and parameter y for different zone permeabilities

P. (MPa) T. (K) Ps (MPa) ki (md) ky (md) Tp (K) Pp (MPa) y (m?/s)
15 287 2 1.2 0.2 277.42 4.38 0.0003
15 287 2 6 3 277.64 4.45 0.00087
15 287 2 12 10 277.66 4.47 0.00125
15 287 2 120 10 277.32 4.34 0.0384

6.1. Zone permeability

Zone permeabilities are important reservoir parameters
that could affect the natural gas production. In this sec-
tion, variations of natural gas production rate, as well as
the reservoir pressure and temperature profiles for dif-
ferent permeabilities, are studied. We expect the relative
permeability for the gas in the gas zone to be somewhat
larger than that in the hydrate zone. In the simulation,
however, a wide range of values is used to clearly show
the sensitivity of the result to zone permeability.

Table 2 lists the computed values of dissociation tem-
perature and pressure at the front and the parameter 7y
for different values of the zone permeabilities. Here, the
porosity and hydrate saturation are kept fixed at @ =0.2
and f =0.19, and the other reservoir conditions are listed
in notation. It should be emphasized that permeability
and porosity are usually related and keeping the porosity
fixed in these simulations is an idealization. (Sensitivity
to variation of porosity when permeability is a function
of porosity is studied in the next section.) Table 2 shows
that when the zone permeability changes, the dissocia-
tion pressure and temperature change only slightly. The
value of parameter y, however, decreases sharply as zone
permeability decreases.

For different permeabilities, Fig. 11a shows time varia-
tions of the decomposition front movement. As expected,
the decomposition front moves more slowly as the gas
zone permeability becomes smaller. As noted before, this

is because the distance of the front from the well is pro-
portional to the parameter y, which decreases as the gas
zone permeability decreases.

Time variations of the well natural gas output (flow
rate per unit height and per unit width) for different zone
permeabilities are presented in Fig. 11b. It is noticed that
the production rate decreases with time. (This is the con-
sequence of the present one-dimensional model.) Fig. 11b
also shows that the flow rate decreases as the zone per-
meabilities decrease.

Fig. 12 compares time variations of the temperature and
pressure profiles for different permeabilities. It is seen that
the reservoir cools down with time and the temperature
profiles are self-similar. Furthermore, the decomposition
front moves faster into the reservoir as zone permeabili-
ties increase; thus, the reservoir temperature decreases as
zone permeabilities increase. Also, the temperature gradi-
ent in the gas zone decreases, while the temperature gra-
dient in the hydrate zone increases, as the hydrate zone
permeability increases.

For the same reservoir conditions, Figs. 12b and d show
time variations of pressure profiles for different perme-
abilities. The pressure in the hydrate zone drops to the
dissociation pressure with a rather sharp gradient near the
dissociation front. The pressure then decreases to the well
pressure with a slope that is a sensitive function of zone
permeability in the hydrate region. The pressure gradient
in the gas zone decreases as the permeability increases. A
similar trend was also observed by Ahmadi et al. (2000).
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for different permeabilities.
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6.2. Reservoir porosity

Another important parameter is the porosity of the hy-
drate reservoir. As was noted before, permeability is a
strong function of porosity. Sensitivity of natural gas pro-
duction to variations in reservoir porosity is studied in this
section. In this case, the hydrate saturation is kept fixed at
p=0.19, but zone permeabilities are allowed to change as
a function of porosity. According to the Kozeny—Carman

equation (Kaviani, 1995),

ki ~ @, (33)

where k; is the zone permeability and @ is the porosity.
Thus as @ changes, the zone permeabilities must be ad-
justed according to Eq. (33) for consistency. The other
reservoir conditions as listed in notation are kept fixed.
Table 3 lists the resulting values of dissociation tempera-
ture and pressure at the front and the parameter y for the



Table 3

Values of dissociating temperature and pressure and parameter y for different reservoir porosities

P. T. (K) Pg (MPa) ky (md) k» (md) @ Tp (K) Pp (MPa) 7 (m?/s)
15 287 2 12 10 0.2 277.66 447 0.00125

15 287 2 40.5 33.75 0.3 273.80 3.22 0.000492
15 287 2 96 80 0.4 270.84 2.56 0.000148
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Fig. 13. Variations of distance of decomposition front and natural gas output for a well pressure of 2 MPa and a reservoir temperature of 287 K

for different porosities.

different porosities. This table shows that the dissociation
pressure and temperature, as well as the parameter y are
all sensitive functions of porosity. As porosity increases,
and as a result £, and k; increase, Tp, Pp, and 7y, decrease
sharply.

For different porosities, Fig. 13a shows time variations
of the decomposition front movement. It is observed that
the increase of porosity and permeabilities makes the de-
composition front move more slowly, although the gas
output increases. Time variations of natural gas output
(flow rate per unit height per unit width of the well) are
shown in Fig. 13b for different porosities. As expected
the flow rate increases as the reservoir porosity increases.
This is because with the increase of reservoir porosity,
the zone permeabilities increase and also there is larger
amount of hydrate available to dissociate.

Fig. 14 compares temperature and pressure profiles at
different times for different reservoir porosities. With the
increase of porosity, the decomposition front move more
slowly and both the hydrate and gas zone temperatures
decrease. The pressure profiles are similar, but the mag-
nitude of pressure decreases as @ increases.

7. Conclusions

Natural gas production from decomposition of methane
hydrate in confined, pressurized reservoirs is stud-

ied. Evolutions of pressure and temperature profiles in
one-dimensional reservoirs are analyzed, and the effects
of variation in well pressure and reservoir temperature
are studied. The sensitivity of natural gas production
from hydrate to variations in reservoir parameters such
as porosity and permeability is also studied. Time evo-
lutions of pressure and temperature profiles across the
reservoir, as well as the movements of decomposition
front, are analyzed. On the basis of the results presented,
the following conclusions are drawn:

1. Under favorable conditions natural gas can be pro-
duced from hydrate reservoirs by a depressurization
well.

2. The reservoir physical and thermal conditions and the
well pressure control the natural gas production rate.

3. While the hydrate dissociation is thermally con-
trolled, for a reservoir with hydrate in the pores, the
required heat could be supplied by the natural gas
convection from the far field.

4. For an infinite homogenous hydrate reservoir con-
taining natural gas, the dissociation pressure and tem-
perature are fixed (with in the bound of a linearized
model), and depend only on the reservoir conditions
and the well pressure.

5. For a fixed reservoir pressure and temperature, the
well output decreases and the motion of the decom-
position front slows as the well pressure increases.
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Fig. 14. Comparison of temperature and pressure profiles for different porosities for a well pressure of 2 MPa and a reservoir temperature of 287 K.

6. For fixed reservoir and well pressures, the gas pro-

10.

duction rate decreases significantly as the reservoir
temperature decreases.

. For this model, the distance of the decomposition

front from the well increases in direct proportion to
the square root of time, and the production rate de-
creases in inverse proportion.

. For a homogenous hydrate reservoir, the reservoir

permeability significantly affects the rate of convec-
tive heat transfer and consequently the rate of natural
gas production.

. For a fixed porosity, the reservoir with higher perme-

ability has higher production rate and the decompo-
sition front penetrates faster into the reservoir. The
variation of permeability, however, has a slight effect
on the dissociation temperature and pressure at the
front.

When permeability is related to porosity through the
Koznery—Carman type equation, the natural gas out-
put and the motion of the decomposition front are
sensitive functions of the reservoir porosity. The vari-
ation of reservoir porosity also alters the dissoci-
ation temperature and pressure to a noticeable ex-
tent. As porosity increases, gas output increases, and
the decomposition pressure and temperature decrease.
The speed of decomposition front motion, however,
decreases.

As noted before, the presented linearization model that
neglects the heat conduction in the entire reservoir cannot
enforce the balance of energy at the dissociation front.
Removing this limitation that requires numerical solution
of the original nonlinear equations will be reported in a
future communication.

Notation

(%)

empirical constants in Eq. (8)

0.0342/K

0.0005/K?

6.4804

thermal diffusivity of zones, m?/s

volume heat capacity of gas (3000 J/K Kg)
heat capacity of zone 1 (2400.2 J/K Kg)
heat capacity of zone 2 (1030.2 J/K Kg)
phase permeability of gas in zone 1 (12 md)
phase permeability of gas in zone 2 (10 md)
the distance of decomposition front away from
the well

time

velocity of natural gas in zone 1

velocity of natural gas in zone 2

distance

compressibility of gas (0.88)



Py atmospheric pressure (1.01 x 10° Pa)

Pp hydrate decomposition pressure

P, reservoir pressure at initial time (15 MPa)
Pg pressure at the well, MPa

P, pressure in zone 1 or 2

(0] gas production rate per unit length of well
Tp hydrate decomposition temperature, K

T, reservoir temperature at initial time, K

T, temperature in zone 1 or 2

To reference temperature (273.15 K)

Greek letters

o water content of pores (0.15)

p hydrate saturation of a layer (0.19)

Y constant related to movement of decomposi-
tion front

0 throttling coefficient of gas (8 x 10~7 K/Pa)

€ mass fraction of gas in methane hydrate
(0.129)

n adiabatic coefficient of gas (3.2 x 107% K/Pa)

u viscosity of gas (methane) (1.5 x 107> Pa S)

0o density of methane gas at atmospheric pressure
Py and temperature 7j.
(0.706 kg/m?)

03 density of hydrate (0.91 x 10° kg/m?)

ow density of water (1.0 x 103 kg/m?)

P porosity (0.2)

D, (1 — )@, content of free gas at zone 1
D, (1 — ), content of free gas at zone 2
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